Abstract: The available data on the 125 GeV scalar h is analysed to explore the room for new physics in the electroweak symmetry breaking sector. The first part of the study is model-independent, with h couplings to standard model particles scaled by quantities that are taken to be free parameters. At the same time, the additional loop contributions to h → γγ and h → Zγ, mediated by charged scalar contributions in the extended scalar sector, are treated in terms of gauge-invariant effective operators. Having justified this approach for cases where the concerned scalar masses are a little above the Z-boson mass, we fit the existing data to obtain marginalized 1σ and 2σ regions in the space of the coefficients of such effective operators, where the limit on the h → Zγ branching ratio is used as a constraint. The correlation between, say, the gluon fusion and vector-boson fusion channels, as reflected in a non-diagonal covariance matrix, is taken into account. After thus obtaining model-independent fits, the allowed values of the coefficients are translated into permissible regions of the parameter spaces of several specific models. In this spirit we constrain four different types of two Higgs doublet models, and also models with one or two Y = 2 scalar triplets, taking into account the correlatedness of the scale factors in h-interactions and the various couplings of charged Higgs states in each extended scenario.
Introduction
The ATLAS and CMS experiments at the Large Hadron Collider (LHC) [1] have discovered a new boson mass 125 GeV. Though the properties of this particle are similar to those of the Higgs boson predicted in the standard model (SM) of electroweak interactions, everyone is on the look-out for any small difference that may reveal the participation of some new physics. It is thus imperative to closely examine all interactions (including supposedly 'effective' ones) of this particle with SM fermions and gauge bosons. The accumulation of data has helped a lot in pinning down uncertainties here; scopes of departure, however, still remain. Besides, issues ranging from naturalness of the Higgs mass to the dark matter content of our universe continue to provide impetus for physics beyond the standard model (BSM). Theoretical models extending the SM, including those augmenting the electroweak symmetry breaking sector, are thus explored. It is a natural endeavour to link the contributions of such new physics, in the form of modified Higgs interaction strengths as well as effective operators generated by them, to the departure from unity in the Higgs signal strengths in various final states f , defined as µ f =
. Fitting the available data with various µ f , therefore, enables one to analyze allowed strengths of effective operators generated in various models and ultimately constrain the model parameters themselves. This is particularly useful if the new particles belonging to any new physics scenario do not have a copious rate for direct production, but show up (i) by participating off-shell, and leading to higher-dimensional effective operators, and (ii) by modifying the coupling strength(s) of the 125 GeV scalar to the other SM particles. The present study is devoted to such a situation.
Interestingly, significant constraints arise from the signal strengths for the loop induced decay channel such as h → γγ. h → Zγ, although yet unobserved, can also provide strong limits on new physics contributions, especially with accumulating luminosity. These limits can be coupled with those arising from tree-level decay modes such as h → W W, ZZ etc. where perceptible effects can come mostly via scaling of the SM coupling by a factor κ.
The effect of high scale physics on low-energy processes can be formulated in terms of higher dimension operators in the Lagrangian, which will be suppressed by the new physics scale Λ. These higher dimensional operators can be derived from an SU(2) L ×U(1) Yinvariant basis, as they result from physics corresponding to a scale much higher than the electroweak scale. It is not possible to construct dimension-5 operators of this kind. Therefore we concentrate on dimension-6 gauge-invariant operators. As mentioned above, we mainly focus on two loop-induced decays, namely, h → γγ and h → Zγ. Thus the most general dimension-6 operators which give rise to hV V vertices (V = W, Z) get constrained from the rates of these processes, as tree-level processes are unlikely to bear clear enough stamps of of such operators. Constraints on these higher dimensional operators as well as the scale factors κ have been extensively studied on the basis of electroweak precision test and global fits of Higgs data in [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
Here we have adopted a slightly different formulation of new physics contributions to the aforementioned loop-induced decays. The consequences of new physics have been divided into two categories. The first of these is the scaling of the couplings htt, hbb, hττ , hV V , where modifications to the SM couplings are inevitable when additional fields mixing with the ones in SM are present. As we have already mentioned, such modifications usually override the effects of higher-dimensional operators. Such scaling also affects loop effects such as h → γγ, Zγ, via modified vertices in the loop where, W's or top quarks are involved, and the corresponding amplitudes can be written down in terms of the scale factors κ. The second category consists in loop diagrams mediated by new particles such as charged scalars. Their contributions to loop amplitudes, we argue, can be expressed in isolation in terms of effective couplings. As shown in section 4 , these couplings, at least those ensuing from additional scalar fields, can be treated as ones derived by the aforesaid gauge-invariant dimension-6 operators, so long as the masses of the new particles are gauge-invariant and at least a little above the electroweak symmetry breaking (EWSB) scale.
Keeping this in mind, we perform a global fit of the currently available Higgs data to constrain the full parameter space including scale factors and the Wilson coefficients corresponding to various dimension-6 operators. While using the Higgs signal strength data in various channels we take into account the correlation between various production processes such as gluon fusion and vector-boson fusion, thus including non-diagonal covariant matrices in our analysis. Model-independent 2σ regions for the κ's well as the Wilson coefficients are thus obtained.
We select specific models in the next step of the analysis. The present study is restricted to additional scalars, and includes various kinds of two-Higgs doublet models (2HDM) as well as those with one and two scalar triplets of the kind introduced in Type-II seesaw mechanism. The marginalized 2σ regions in the space of dimension-6 operators are then recast, keeping track of the correlation between the scale factors κ and the Wilson coefficients for each model. These are finally translated into constraints in the space of masses and coupling strengths pertaining to all the models.
There is as of now just an upper limit on the signal strength in the Zγ channel. Keeping this in mind, We further construct a ratio involving the signal strengths for Zγ and γγ, which can help us distinguish between various new physics models. If a charged scalar (which can in principle contribute to both the above final states) is discovered later, this ratio will help us in narrowing down possibilities regarding the SU(2) multiplet it could be a part of. In case of a future discovery of one or more heavy Higgs, this can enable one to distinguish among various theories with extended electroweak symmetry breaking sectors, following the strategy developed in this paper.
In a nutshell, the novel features in our study are the following:
• We have segregated two types of modification, namely, those in tree-level couplings of the Higgs to SM particles, and the contribution of loop integrals involving BSM mediators to processes disallowed at the tree-level.
• The latter contribution mentioned above has been parametrized in isolation in terms of dimension-6 operators, and the legitimacy of doing this has been demonstrated.
• The effect of the former modification to tree-level as well as loop-induced decays have been taken into account, while the contribution of dimension-6 operators have been assumed, as a pragmatic measure, to be confined to loop-induced processes.
• The effective operators has been shown to work for just a subset of the one-loop diagrams contributing to effective hγγ and hZγ couplings, even when the masses of new scalars running in these loops are not much above the electroweak scale.
• Non-diagonal covariance matrices have been used.
• We then establish a connection between allowed parameter regions in the modelindependent approach with those of specific new physics models.
• Finally we propose using the ratio of rates in the γγ and Zγ channels, potentially observable at the LHC with accumulating luminosity. This allows disentanglement of various types of new physics.
The paper is organized as follows. In Section 2, we discuss the parametrization of modified Higgs couplings involving both scaling and higher-dimensional operators. A global fit carried out on an 8-dimensional parameter space, taking into account the correlation among various production channels of the Higgs particle, is reported in Section 3 . Section 4 contains a discussion of several extended Higgs models, wherefrom we arrive at the resulting constraints on the corresponding models. We summarize and conclude in Section 5. Some expressions relevant to the loop amplitudes in h → γγ and h → Zγ are listed in the Appendices.
Modified Higgs couplings
As mentioned in the previous section, there can be an extended Higgs sector comprising of additional neutral and charged scalars. Their mixing may cause the coupling of the 125 GeV scalar to SM particles to be modified 1 . Modification may generally occur in two ways. First, there can be scaling of the Higgs couplings, with unaltered Lorentz structure of the corresponding vertices. Such scaling can be expressed as
Where g hV V , g htt , g hbb and g hττ are the couplings of the Higgs to the gauge bosons and the fermions in the SM. The couplings of Higgs to W boson and Z boson are scaled in the same way here. This is because the custodial SU(2) symmetry, ensuring tree-level unity of the ρ-parameter, is otherwise at stake, unless additional contributions to ρ are built into the theory. Moreover, there can be heavy states running in the loop modifying Higgs couplings. A general approach to parametrize such modification is to express it in terms of gaugeinvariant higher dimensional effective operators. Here one normally expects that the new physics here is at a high scale (at least a TeV or thereabout), thus justifying SU(2) L × U(1) Y invariance of the operator(s) involved. However, one can see that such TeV-scale suppressants may arise even for lower masses in the loop, thanks to the factors O∼ 16π 2 in the loop integrals. Gauge invariance of the Wilson coefficients, will, require that the masses of particles running in the loops should arise from SU(2) L × U(1) Y invariant terms. This requirement is satisfied in each model, involving extension of the electroweak symmetry breaking sector, used by us for illustration.
All Higgs interactions should in principle be modified via such operators. However, couplings which exist at the SM at tree-level, namely, hW W , hZZ, htt, hbb, hττ , are rather nominally affected by higher-dimensional terms with (at least) TeV-scale suppression. Thus one can, for all practical purpose, neglect such modification compared to the tree-level couplings and the scaling effects, if any. On the other hand, the hγγ and hZγ vertices which appear only at the one-loop level are expected to have relatively non-negligible contribution from the additional diagrams with new particles running in the loops.
Dimension-6 effective interactions involving a Higgs and two gauge bosons can be expressed in terms of the following gauge-invariant operators [14, 15] :
and Table. 2. 3 We show in Figure 1 , the Feynman diagrams contributing to the decays h → γγ and h → Zγ, including those with scaled contribution of SM and and those expressed in terms of loop induced dimension-6 operators. h → γγ h → Zγ Rather precise results on h → γγ are already available, and thus the disentanglement of the scaling effect and the higher-dimensional contributions is expected using this channel in a global fit. Similar results on h → Zγ, dependent on leptonic decays of Z, are awaited till more luminosity accumulates. However, the upper limit on its production × branching ratio [16] available at any stage has served as a useful constraining factor, when it comes to obtaining the statistically favored ranges of scaling factors as well as Wilson coefficients. This will be discussed in greater detail in Section 4.
The role and usefulness of higher-dimensional operators in dealing with unknown physics in Higgs phenomenology have already been discussed in a large body of works found in the literature [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] 17] . For example, in [17] , ways towards improved under-standing on the dimension-6 hV V operators in the high luminosity run of the LHC have been suggested. The utility of various ratios of signal strengths in different channels has figured in discussions found there. One such ratio, namely that of the signal strengths in the γγ and Zγ channels, has been adopted as a component of the present analysis.
The global fit
After parametrizing new physics effects in the manner discussed above, we investigate the region of parameter space favored by the 8 and 13 TeV results at the LHC. Our parameter space is eight-dimensional, spanned by the four scale factors κ V , κ t , κ b and κ τ (which parametrize the modification of SM tree-level hV V, htt, hbb, hττ couplings) and f BB , f W W , f B and f W , which are the Wilson coefficients in the dimension-6 hV V operators. In order to constrain new physics from experimental data, one needs to construct the likelihood function. This in principle is a non-trivial task, as experiment only provides the best fit and the 1σ interval, but not the full likelihood function. However, assuming the measurements to be Gaussian, the Log-likelihood can be written as
Whereμ is the experimental best fit value of the measured signal strength in some channel and ∆µ is the corresponding standard deviation. If there are more than one independent measurements, then the full likelihood is a product of individual likelihoods. Consequently the combined χ 2 is
We would like to emphasize that the combined χ 2 computation will follow Equation 3.2 only when all the experimental measurements denoted by subscript i, are independent of each other. But in reality that assumption does not always hold. Various experimental searches share same systematic uncertainties and thus some correlation may exist between them. For example, different production channels leading to the same final can develop such correlation owing to misidentification of the production processes. Under the Gaussian approximation these correlations affect the Log-likelihood function in the following manner.
3)
Where C −1 is the inverse of the covariance matrix C ij = cov(μ i ,μ j ) In the case where the measurements are independent, the covariance matrix is diagonal and C −1
ii will denote the variance σ 2 i . The correlations between gluon fusion and vector-boson fusion production for each of the major Higgs decay channels are found in [1, [18] [19] [20] [21] [22] [23] . We extract the elements of the covariance matrices from those ellipses and calculate the combined χ 2 for each point of the parameter space. This χ 2 is then minimized with the help of the package MCMC [24] , wherefrom one obtains the region allowed by the experimental data at the 1-and 2σ levels.
All 8 and 13
TeV results from ATLAS and CMS available so far are included in our global fits. We thus take into account the h → γγ, ZZ, W W, bb and ττ data from ATLAS and CMS at 8 TeV with 20fb −1 integrated luminosity and h → γγ, ZZ, W W, ττ from CMS 13 TeV data with 36fb −1 integrated luminosity and h → γγ, ZZ from ATLAS 13 TeV data with 36 fb −1 integrated luminosity. These details are presented in Table. 3.
We calculate the signal strengths µ = σ i × BR j , where the indices i and j indices denote respectively the production and decay channels of Higgs boson. One then proceeds to obtain χ 2 min , based on the experimental best-fit values and the corresponding error intervals, whence one arrives at plots showing the hypersurfaces allowed at the 1-and 2σ levels. Projections of these hypersurfaces into various two-parameter subspaces are shown in Figures 2, 3 and 4, where all remaining parameters have been marginalized. In Figure 3 we show correlation between the κ's and the Wilson coefficients f BB and f W W . f B and f W contribute to h → Zγ but not h → γγ, since only the neutral component of the Higgs doublet acquires a vev. Therefore, they are not constrained by the observed signal strengths, but have only upper limits from the non-observation of the Zγ final state so far. There is a direction in this plane, where the signal strength in the h → γγ channel will always be satisfied, as the contribution to the diphoton final state depends on f BB + f W W . This is evident from Table. 1. On the other hand, the process h → Zγ receives contribution via the combination tan 2 θ W f BB − f W W , thus indicating a region in the same place when the latter process fails to be restrictive. It is only from a combined imposition of both constraints that one obtains a closed region in the f BB -f W W , as can be seen in Figure 4 (left). Figure 4 (right) shows the favored regions in the f B -f W plane. As f B and f W get contribution only from the upper limit of h → Zγ process [16] , we do not get a closed region in this case.
Extended Higgs models and dimension-6 operators
Various new physics models predict extended electroweak symmetry breaking sectors. It is naturally of interest to link the model-independent analysis presented above to specific theoretical scenarios. It has to be remembered that most of these scenarios are strongly constrained by not only electroweak precision data but also observed signal strengths of the already discovered Higgs. From the standpoint of uncovering new theoretical structures, it is therefore a challenge to extract the tiniest tractable departures, in multiplicative alteration of interaction strength(s) and, perhaps more significantly, in traces of higher dimensional couplings. With this in view, we now translate the results of the previous section to those pertaining to extended Higgs models, taking into account the additional constraints that connect model parameters in each case.
The simplest set of extensions consists in two Higgs doublet models (2HDM). Motivated and largely popularized by the minimal supersymmetric standard Model (MSSM), such scenarios are of interest independently of supersymmetry. They are of interest due to their phenomenological richness but also, for example, by the observation that 2HDM allows a stable electroweak vacuum all the way to the Planck scale without the aid of any new physics [25] .
At the same time, scalars in higher SU (2) representations are often helpful in understanding basic issues such as neutrino mass generation. Introduction of a Y = 2 complex SU (2) triplet enables the Type II seesaw mechanism to yield Majorana masses for neutrinos. The strong constraint on the triplet vev from the ρ-parameter is not only consistent with such mechanism but in fact justifies the smallness of neutrino masses. Furthermore, some model-building efforts to connect neutrino masses with their mixing angles motivates Type II seesaw with two triplets instead of one.
We analyze some of these models here, with reference to the model-independent approach of the previous section. All scenarios discussed here predict one or more, singly or doubly, charged Higgs bosons. These charged scalars should contribute to loop-induced decays of the SM-like Higgs, namely, h → γγ, h → Zγ. The corresponding decay widths deviate from the SM predictions due to (a) scaling of the hW W, htt vertices, and (b) the additional contributions from diagrams of the kind shown in Figure 5 , where the V µ and V ν in the external legs stand for γγ or γZ. While the former lead to the factors denoted by κ, the latter are parametrized in our approach by dimension-6 operators. The difference compared to the model-independent case is that the two classes of modifiers are related once model parameters are specified. Such mutual dependence has to be taken into account in each particular situation.
The contribution to the amplitude from the charged scalar loops for h → γγ is of the form While that for h → Zγ is
Where C vertex andC vertex are the vertex factors for h → γγ and h → Zγ in the two cases, while A H (γγ) and A H (Zγ) are the loop integrals for h → γγ and h → Zγ respectively.
The current direct search and B-physics observables do not put strong limits on charged Higgs masses except in very specific models. Therefore, the charged scalars need not always be much heavier than the electroweak scale, and can easily be just a few hundred GeV in mass.
Therefore, while parametrizing the amplitudes in terms of gauge invariant effective operators, one may still have 'effective' suppression scales
TeV. The combination of Wilson coefficients contributing to the decay amplitudes, evaluated at the EWSB scale, may in principle have a functional dependence on m EW SB m Z due to renormalization group (RG) running. However, this dependence is rather weak in general, unless one has strongly coupled high-scale dynamics.
In the cases under consideration here, the loop amplitude for h → γγ does not involve m Z , and the charged scalar masses arises from SU (2) L ×U (1) Y invariant terms. Thus there is no dependence on m EW SB there. One would thus expect the same dependence (or lack of it) in the amplitude for h → Zγ unless there are highly fine-tuned boundary conditions in the RG running of parameters. A natural way of establishing consistency between the two amplitudes, therefore, is to have no m Z -dependence in the loop amplitude for h → Zγ as well. As one can see from Figure 6 , this is indeed the case here; the loop integrals are insensitive to an 'artificial' variation of m Z so long as the charged Higgs(es) circulating in the loop stay above that mass. It is, therefore, legitimate to encapsulate the contributions to these loop amplitudes as Wilson coefficients of dimension-6 gauge-invariant operators, so long as the charged scalars responsible for these amplitude are at least a factor of two heavier than the Z.
For reasons already mentioned, we adopt four kinds of 2HDM and also scenarios with one and two scalar triplets to illustrate our approach. We take them up in turn in the following subsections. We mention here that in the analysis that follows, we have marginalized over the parameters f B and f W . These two parameters get constrained only from the upper limit on h → Zγ decay width. Thus their role in this analysis is to stay within the boundary defined by this upper limit; no further information can be obtained at present due to absence of any positive result. 
Two Higgs doublet models
The most general 2HDM potential contains fourteen parameters [26, 27] . It can have both CP-conserving and CP-violating terms in principle. However, we keep the analysis simple by assuming no CP-violation in the Higgs sector. The most general CP-conserving potential with two Higgs doublets Φ 1 and Φ 2 is
where all coefficients are real. The minimum of this potential is obtained when the neutral components of Φ 1 and Φ 2 acquire vev v 1 and v 2 respectively.
,
Where a=1,2. After substituting this form of Φ 1,2 in Equation 4.3, we obtain the mass matrices for the charged and neutral Higgs bosons. Their diagonalization yields the masses of the charged scalar, two neutral scalars as well as the neutral pseudoscalar. The charged scalar mass in particular is given by
These masses, together with the neutral scalar mixing angle α and charged and pseudoscalar mixing angle β (tan β = The most popular way to circumvent this problem is to impose a Z 2 symmetry, thereby prohibiting some of the terms above. Different combinations of the Z 2 quantum numbers of the fields present in Equation (4.8) lead to at least four types of 2HDM, which are brought under our analysis in turn.
In the subsequent discussions we will mainly focus on Higgs decay to γγ and Zγ channels, which is dominated by top-and W -loops in SM. In all the variants of 2HDM, the charged Higgs boson (H ± ) contributes additionally to this processes at the one-loop level. The modification of the W and top loop over and above their SM values and the additional charged Higgs loop contribution is given in detail in Appendix A.
Type-I 2HDM
Here all fermions are assumed to couple to the same doublet, so that Equation (4.8) reduces to
This can be achieved by imposing the discrete symmetry on the L Y ukawa , Φ 1 → −Φ 1 . The couplings of the fermions with the SM-like Higgs boson in this case are
while the gauge boson couplings are
These define, in this case as well as the other types of 2HDM, the corresponding κ v , κ t , κ b and κ τ . Here they all of the same value, denoted by the factor κ f . Thus the departure from SM effects in data concerning the 125 GeV scalar can be described here in terms of six parameters, namely, κ v , κ f , f BB , f W W , f B , f W . Following the same procedure as in Section 2 and assuming all the six parameters to be independent, the 1σ and 2σ allowed regions for them are found to be as in Figure 7 , which looks very similar to the corresponding contours in Figures 2 and 4 . The task now is to translate these into limits on the model parameter space. In order to do that, we note that in this model,
The top, bottom and W loop contribution to h → γγ will be modified by these scale factors. The charged Higgs loop contribution will be a function of m H ± multiplied by the quantity g hH + H− which is given by g hH + H − = sin(β − α) + cos 2β sin(β + α) 2 cos 2 θ W (4.14) Figure 8 . Allowed regions at 1σ(red) and 2σ(blue) levels in the parameter space of f (m
At this point we draw the attention of the reader to Figure 7 . Unlike in the modelindependent case, we find this time an interrelation of f BB , f W W and κ, since α and β enter into all of them. At the same time, there is a single κ here, pointing again at a correlation among the scaling factors.
The fact that the top-quark coupling plays the most crucial role here in fitting the data shows little departure in the left panel of Figure 7 , as compared to the corresponding contour in Figure 2 . As for the right panel, while f BB , f W W is correlated with κ, the availability of an extra parameter m H ± softens this correlation, since the entire 2σ contour in f BB − f W W plane will be allowed for some value of m H ± . That is why the right panel of Figure 7 is very similar to the corresponding figure in Figure 4 , modulo the fact that here is only κ v and κ f that are marginalized.
For the sake of simplicity in the analytical calculation we define a parameter which is a function of the charged Higgs mass:
where τ and f 0 (τ ) have been defined in Equations A.3 and A.4. This function encapsulates the contribution of the charged Higgs loop integral.
Keeping the above discussion in mind, one arrives at the 1σ and 2σ contours in the sin(β − α)-f (m H ± ) and g hH + H − -f (m H ± ) planes in Figure 8 
Type-II 2HDM
Another way to stay away from tree-level FCNC is to allow up-type quarks to couple to one doublet, and down-type quarks and leptons to couple to another. Under this assumption, the L Y ukawa becomes 
The top, bottom and τ couplings with Higgs are not modified in the same way any more. However, Equation 4.17. implies
On using these relations, we can again reduce the 8-dimensional parameter space to a 6-dimensional one, albeit via different constraints. The independent parameters are once more κ v , κ t , f BB , f W W , f B and f W . The allowed parameter space at 1σ and 2σ regions. In κ v -κ t and f BB -f W W parameter space can be seen in Figure 9 (left) and (right) respectively.
One now translates these limits into those on the model parameter space, using
κ b and κ τ can be obtained following Equations 4.17 and 4.18. The top, bottom and W loop contribution to the decay h → γγ will be modified by scale factors as described above. The new charged Higgs loop contribution, too, will depend on sin(β − α), tan β and m H ± as discussed in the previous subsection. A similar procedure as that for Type-I 2HDM leads to the contours in Figure 10 .
It should be noted that contours in the κ v − κ t here exhibit more departure from the corresponding figure in Figure 2 than is seen for Type-I 2HDM. This is because the correlated scale factors κ b and κ τ have a stronger role to play here, as they make significant contributions to loop-induced Higgs decays for high values of tan β, thus causing shifts in the allowed contours. In addition, the allowed region in the right panel of Figure 10 suffers from stronger constraints than in the previous case, as the charged Higgs mass has a lower limit of 580 GeV in Type-II 2HDM from the rare decay b → sγ [28] [29] [30] [31] [32] . 
Lepton-specific 2HDM
An alternative way is to allow the up-and down-type quarks to couple to one doublet and leptons to the other doublet. This can be achieved by imposing the symmetry of the Lagrangian under the discrete symmetry Φ 1 → −Φ 1 and e R → −e R . L Y ukawa in this case becomes
In this scenario the scale factors which modify the SM Higgs coupling with fermions and gauge bosons, take the following forms:
The up and down-type quark couplings thus get modified in the same manner, whereas the lepton coupling is different. Going back to our parametrization of new physics in the model-independent framework, Figure 11 . Allowed regions at 1σ(red) and 2σ(blue) levels in the parameter space of scale factors and dimension-6 couplings in Lepton-specific 2HDM
Our model independent 8-dimensional parameter space shrinks again to a 6-dimensional parameter space spanned by κ v , κ t , f BB , f W W , f B , f W . The allowed parameter space at 1σ and 2σ levels is shown in Figure 11 (left) in κ v -κ t plane and in Figure 11 (right) in f BB -f W W plane, from which one sets about translating these limits to those on the model parameter space.
Equating the loop contribution to h → γγ from both the approaches, we plot the 1σ and 2σ contours in the f (m H ± )-g hH + H − plane and sin(β − α)-f (m H ± ) plane in Figure 12 (left) and (right) respectively. Only the regions corresponding to f (m H ± ) > 0 on the righthand side of the vertical line and above the horizontal line are allowed, if one demands f (m H ± ) ≥ 80 GeV. 
Flipped 2HDM
Here the up-type quarks and leptons couple to the same doublet while the other doublet couples to down-type quarks. The Yukawa Lagrangian becomes
which is achieved by imposing
It is straightforward to show that the scale factors with respect to SM Higgs couplings to fermions and gauge bosons then become:
and the scaling factors are
Here our 6-dimensional parameter space are comprised of κ v , κ t , f BB , f W W , f B , f W . The 1σ and 2σ regions are shown in Figure 13 (left) in the κ v -κ t plane and in Figure 13 (right) in f BB -f W W plane, from which one obtains the corresponding regions in the model parameter space, following a strategy similar to the one used previously.
One thus obtains 1σ and 2σ contours in the f (m H ± )-g hH + H − plane and sin(β − α)-f (m H ± ) plane in Figure 14 (left) and (right) respectively. Here, too, a lower limit on the charged Higgs mass similar to that for Type-II 2HDM is applicable. Figure 13 . Allowed regions at 1σ(red) and 2σ(blue) levels in the parameter space of scale factors and dimension-6 couplings in Flipped 2HDM Figure 14 . Allowed regions at 1σ(red) and 2σ(blue) levels in the parameter space of f (m
Comparison among various 2HDMs
We next ask the question: while allowed regions for the various 2HDM scenarios are identified as above from available data, can some quantities be defined further, which may act as differentiators among them? We are essentially occupied with one such quantity in the rest of this subsection.
With this in view, we consider the ratio
which essentially reduces to
, when all the major channels of Higgs production are summed over. We show color-coded regions in the f BB -f W W plane for the four aforesaid types of 2HDM in Figure 15 . As can be seen there, r can range form values below 0.1 to those as large as 3, consistently with the current data. As progressively accumulating data shrink the 2σ regions, thereby causing the ellipses to become smaller, the observation of this ratio can narrow down the choice among different models at least partially. One rather striking observation here is the opposite directions of convergence of the color-coded regions for Types I and II as against those for the Lepton-specific and Flipped cases. It should also be noted that in general the allowed regions for Type-I and Flipped category are slightly bigger than those of Type-II and Lepton-specific case. While drawing these plots the scale factors κ's have been kept at their best-fit values and the dimension-6 couplings f B and f W are assumed to be zero.
Color-coded regions corresponding to different ranges of r in the sin(β − α)-tan β plane are shown in Figure 16 . In case of Type I 2HDM, for sin(β − α) ≈ +1(the so-called 'alignment limit' [33] indicates sin(β − α) ≈ ±1), and low tan β, the top loop contribution to h → γγ increases and interferes destructively with the W -loop contribution. The charged Higgs loop also interferes destructively with the W loop. These contributions thus collectively reduce the decay width as compared to its SM value.
On the other hand, in the case of h → Zγ, the top and charged Higgs loops interfere constructively with the W -loop. Therefore, despite the marginal fall in the W -loop contribution from the SM value, driven by sin 2 (β − α), such constructive interference partially compensates it. Hence for positive sin(β − α) the ratio r is always less than unity. In the region with sin(β − α) ≈ −1, Γ(h → γγ) has a small suppression over the entire chosen range of tan β. On the other hand, the top loop contribution to h → Zγ there decreases more significantly at small tan β. Coupled with the effect of constructive interference of the top, W and charged Higgs loops, this reduces the overall h → Zγ decay width from its SM value. Hence the ratio r in this case can be greater than unity for low tan β, as can be seen in Figure 16 (top left). The Lepton-specific scenario shows a trend similar to Type I, as is clear from Figure 16 (bottom left), since the quark couplings to Higgs are same in both the cases. Figure 16 shows that, for Type II and Flipped 2HDM, the ratio is always < 1 if sin(β−α) is not much different from +1. But in the wrong-sign region where sin(β−α) ≈ −1 which gives rise to a positive sign in the coupling of Higgs with down-type quarks, r can be greater than 1 for large enough tan β. For such tan β, the bottom loop contribution to h → γγ increases. In case of positive sin(β − α) this loop interferes destructively with the W loop and constructively for negative sin(β − α). The top and charged Higgs loops interfere destructively with the W loop in both these cases. Hence the decay width of h → γγ can be greater than its SM value for negative sign of sin(β − α). For h → Zγ in the positive sin(β − α) region, the bottom loop constructively interferes with the W and top loop, where in the negative sin(β − α) regime, the bottom loop destructively interferes with the W and top loops. The charged Higgs loop contribution is much smaller compared to the rest of the contributions. At large tan β the contribution increases and therefore the h → Zγ decay width decreases below its SM value for negative sin(β − α) and increase above that SM value for positive sin(β − α). Thus in general the ratio r can be greater than unity for large tan β and for the wrong sign region for Type II 2HDM, as can be seen from Figure 16 (top right). The Flipped 2HDM scenario, too follows the same trend, as is evident from Figure 16 (bottom right) .
We have checked the validity of the aforementioned analysis over a wide range of charged Higgs masses. In Figure 16 we present the results for a charged Higgs mass of 600 GeV. But the results remain unaltered even for m H ± ∼ O(TeV).
Higgs triplet models
As already mentioned, a pertinent issue for SM has been neutrino masses and mixing. A popular model that explains these, by introducing an extension of the EWSB sector, is the Type-II see-saw mechanism [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] . This scenario allows one to dispense with right-handed neutrinos, having instead one or more scalar triplets with hypercharge 2. Rather strong constraints arising from the ρ-parameter apply on the vev of the triplet(s), restricting them to values O ∼ 1 GeV. Moreover, a bid to unification via left-right symmetry [52] [53] [54] makes use of such triplet scalars.
The bi-large neutrino mixing pattern, the confirmation of the non-vanishing mixing element θ 13 , and the various suggested mass hierarchies prompt one to set up neutrino mass models which try to connect mass eigenvalues with the mixing angles, thereby adding predictiveness to the theoretical formulation. Such predictiveness is enhanced if the neutrino mass matrix in the flavor basis contains some zero entries, ensured by the imposition of additional symmetries. However, a single triplet fails to make Type II seesaw scenarios consistent with some widely used zero texture models, in particular, those with two-zero texture. On the contrary, such texture can be reproduced if one has two triplets instead of one, thereby suggesting a scenario whose phenomenological implications have been explored in recent works [55] and the collider signatures of this model have been studied in [56] . With this in mind, we analyze below models both with one and two scalar triplet in the light of the recent Higgs data and the contribution of charged scalar loops (including those from doubly charged scalars) embodied in dimension-6 operators.
A single-triplet model
Here a bi-doublet ∆ is added in the Higgs sector. Therefore in addition to the SM Higgs state we have three more Higgs states, namely, doubly charged ∆ ++ , singly charged ∆ + and neutral ∆ 0 ones.
The vev of the doublet φ and triplet ∆ can be expressed as
35)
The scalar potential in its most general form can be written as 36) whereφ ≡ iτ 2 φ * . We neglect CP-violation for simplicity. Thus all the coefficients in the scalar potential are assumed to be real. To ensure that EWSB is driven predominantly by the doublet state, certain restrictions are imposed on the parameters. The choice a < 0, b > 0, takes care of this. In addition, w v, as required by the ρ-parameter constraint. The doublettriplet mixing should be small in general. In addition, we have confined ourselves to cases where all quartic couplings are perturbative. These requirements guide us to choose the parameter space in the following manner:
After spontaneous symmetry breaking, we are left with five physical states, namely, two neutral scalars (one SM-like among them and one heavier), one each of singly-and doubly-charged scalars, one pseudoscalar. SU(2) invariance of the Lagrangian plus the smallness demands of doublet-triplet mixing force masses of the triplet-dominated states to be nearly degenerate. In such a situation SM-like Higgs couplings to fermions and gauge bosons are practically unaltered. Therefore we can assume
Both the charged Higgs states will contribute to the loop-induced decays of the SM-like Higgs h, the contribution of the doubly charged Higgs loop to the width being four times Figure 17 . Allowed regions at 1σ(red) and 2σ(blue) levels in the parameter space of scale factors and dimension-6 couplings in the triplet scenario that of the singly charged one. The decay rates of h → γγ and h → Zγ in single-triplet case are given by [57] [58] [59] . We also discuss them in detail in Appendix B.
Since the couplings of h to fermions and gauge bosons are practically unchanged, the one-loop contribution to h → γγ, Zγ via the top-and W-loops are same as in SM. The loops induced by the singly-and doubly-charged scalars can, as before, be directly related to the dimension-6 couplings.
The 1σ and 2σ regions in the f BB -f W W plane can now be obtained on the assumption that all κ's are unity. Based on this, the 1σ and 2σ contours in the f BB -f W W plane are found in Figure 17 (top left). These are then directly translated into limits on the mass of the degenerate heavy scalar bosons.
One can define an effective coupling as g ef f hH + H − =g hH + H − + 4g hH ++ H −− , which can be directly extracted from Equation B.1 to be found in the Appendix B. Figure 17 (top right) is the translation of the 2σ region of Figure 17 (top left) into the parameter space spanned by the triplet mass scale m H ± /H ±± and the effective coupling g ef f hH + H − . The yellow region (over and above the cyan and blue region) here is allowed by the current limit on f BB and f W W . The region in cyan (over and above the blue region) will be allowed if the limit on f BB and f W W improves by a factor of 10. The blue region represents the corresponding projection assuming 100-fold improvement of the same limits. Figure 17 
A model with two triplets
Based on the motivations discussed above, we next take up a scenario with two triplet scalars with Y = 2, namely, ∆ 1 , ∆ 2 , each of which can be expressed as a bi-doublet:
The vevs of the scalar triplets are given by
The vev of the Higgs doublet is given by Eq. (4.35). Figure 18 . The allowed region in the plane spanned by g ef f hH
) and g ef f hH
The scalar potential in this model involving φ, ∆ 1 and ∆ 2 can be written as
The assumption that Higgs sector is CP-conserving prompts us to take all the parameters in Equation 4.41 as real. The parameters lie in ranges very similar to those in the single-triplet case. Here, too, the vev of the two triplets are kept on the order of a GeV. This ensures negligible mixing between the doublet and the triplets, again implying
The decay rates for h → γγ and h → Zγ in the two-triplet case are given by [55] . We have also discussed them in Appendix B.
The allowed regions in the parameter space are illustrated in Figures 18 and 19 , in the limit where the mixing between the two triplets is negligible 4 . The following relations then hold:
and again we define effective couplings as in the singlet case:
In Figure 18 , we plot the allowed region in the g ef f hH
plane at the 2σ level, following the same procedure as in the previous cases. In Figure 19 we present the color-coded diagram of the ratio r (as defined earlier) in the f BB -f W W plane for the triplet case. In this case the dimension-6 couplings f B and f W are assumed to be zero. If one compares this plot with Figure 15 , one can see that the region corresponding to r < 0.1 is smaller in case of triplet models than for any kind of 2HDM.
Conclusion
We h → γγ, Zγ, the SM-like loops are merely modified by the appropriate κ-parameters. In addition charged scalars may contribute in the loop induced processes such as h → γγ, Zγ. Thus these loop amplitudes contain effect of both the scale factors and the coefficients of the dimension-6 operators. We have imposed all existing experimental constraints and found the regions of parameter space, which are allowed at the 1 and 2σ levels. While doing so we have taken into account the non-trivial correlation that may exist between various production mechanisms. Although there is no observation of h → Zγ, the upper limit on this channel from current data puts considerable constraints on the parameter space spanned by f BB , f W W , f B and f W . We have tried next to establish connections between this model-independent effective field theory approach and specific new physics models with extended Higgs sector, namely various types of 2HDM and Higgs triplet models. We have observed that even when the heavy Higgs states in question are not much higher than the EWSB scale, it is possible to describe the new physics in terms of gauge-invariant effective operators. Thanks to this observation, we have made a correspondence between the model-independent and modeldependent approach and translated the limit obtained on the effective operators into those on specific model parameters. Thereafter, we have used the ratio between signal strengths in the h → γγ and h → Zγ channel to show that this ratio helps in disentangling the effect of various types of new physics.
Appendices

A Decay amplitudes in 2HDM
The one-loop decay widths for h → γγ and h → Zγ under the framework of 2HDM can be written as: Where i denotes spin index corresponding to spin-0(charged Higgs), spin-1/2(top and bottom), and spin-1(W ), e i is the electric charge in units of e. where m i is the mass of the particle running in the loop. The index i carries the same meaning as mentioned previously. The functions I 1 and I 2 are defined as The decay rate for h → Zγ in the two-triplet case is given by Γ(h → Zγ) = α 2 m 3
